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ABSTRACT 

Computer-Aided Process Planning occupies a strategic 
position in the development of Computer Integrated Manufacturing 
Systems. Due to its importance, it is receiving the much 
deserved attention in the recent years. The recent develop- 
ments in the Artificial Intelligence (AI) area saw the emer- 
gence of the concept of Expert Systems, which incorporate 
human experts knowledge for Inference. An expert system for 
process planning of axi-symmetric parts has been developed. 

The features using which such a part can be described are 
identified. Once the part is described using the standard 
features, the system identifies the various operations to be 
performed, then sequences them and generates the process plan. 
Along with the sequence of operations, the recommended cutting 
conditions, tools, and cutting fluids are specified for each 
operation. The recommended single point tool angles, the 
total machining time and the time for which each tool is 
reqirired are also specified. The system is capable of handling 
parts which can be described upto six features. It is built 
using an expert system shell, VIDHI on DEC-IO9O at IIT, Kanpur. 



CHAPTER I 


INTRODUCTION 

In the past few years there are certain startling and 
significant phenomena observed in the market behaviour of 
products. They are, a steady decrease of product life cycles, 
growing demand for shorter delivery times and stringent require- 
ments on quality of the products. This trend promises to 
persist in future also , . To keep up with these developments 
it is essential to have an industrial environment which is 
highly productive and at the same time flexible. Creating 
such an environment calls in for the employment of high level 
automation and expensive machine tools. Production Planning 
becomes vital in such a situation because one has to utilize 
the machine tools to the maximum possible extent and at the 
same time keep the stock levels and work-in-process inventory 
below a certain level, in order to operate economically. 

There is a high degree of interdependency among 
machines, materials handling devices and other process resoxorces ; 
which require a large number of timely decisions at the various 
levels of operations to be made. Typically, these decisions 
are based on large amounts of information and under time pres- ; 
sure. Due to the dynamic nature of the manufacturing environment 
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decision problems are often mstructured, and have to be 
continuously reviewed in view of the changing status of the 
system. 

1.1 PROCESS PLANNING 

1.1.1 Computer- Integrated Manufacturing Systems (CIMS) 

To solve many of the problems mentioned above, concept 
of Integrated Manufacturing Systems has been developed which 
incorporates a real-time computer control system applied to 
integrate the different functions in the total manufacturing 
system. One way in which CIMS can be defined is, a system 
in which distributing computing network and common data bases 
are used for combining and coordinating into a harmonic whole 
such fiinctions as product and process design, planning, 
scheduling, purchasing, production, inspection, assembly, 
handling, management and marketing of discrete consumer or 
producer goods. 

The five main areas covered by Computer Control in 
CIMS are, 

(i) Management Control 

(ii) Computer-Aided Design 

(iii) Computer-Aided Process Planning 

(iv) Production Scheduling Control and 

(v) Computer-Aided Manufacturing. 

Industrial productivity can be increased to a larger 
extent if the two main areas, CAD and CAM are brought together 
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as close as possible, Computer-Aided Process Planning has 
the potential of becoming a vital link between CAD and CAM. 

Hence in the recent years considerable importance has been 
given to process planning in order to bridge the gap between 
CAD and CAM. 

1.1.2 Understanding Process Planning 

Process planning can be defined as the process of 
determining the methods and the sequence of machining a work- 
piece to produce a finished part or component to design speci- 
fications. In general, process planning has three steps involved 
which are selection, calculation and documentation. Selection 
involves the determination of appropriate processes, machine 
tools, tools, operations and sequences. Calculations must be 
done with respect to speeds, feeds, depth of cut, number of 
passes, machining time etc. And as a last step a route sheet 
has to be produced. In the route sheet the estimated or 
standard cycle time per piece and set-up time per lot are 
specified which in one way measure the performance expected, 

1.1.3 Review of Various Process Planning Techniques 

Traditionally process planning happened to be the job 
of an experienced engineer who used to draw the route sheets 
and drawings using his experience and judgement. Due to the 
difference of opinions among various planners, there used to 
be different routings depending upon the engineer. Arrival of 
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new machine tools used to render the old routings obsolete 
and considerable amount of time used to go into 'the prepara- 
tion of new route sheets. Also machine break-downs used to 
force the workshop personnel to go in for temporary routings 
which were not necessarily optimal. All these difficulties 
are due to the inability to produce a route sheet in short 
interval of time. Hence these troubles paved the way for the 
emergence of Computer-Aided Process Planning which takes into 
account logic, judgement and experience and also produces 
route sheets in time. 

The two major techniques of Computer-Aided Process 
Planning are, 

(i) Variant t3?pe and 

(ii) Generative type. 

(i) Variant Type of CAPP Systems 

Using the concepts of parts classification, coding 
and group technology, various parts that are produced in a 
plant are codified. Then for each pari: family, a standard 
process plan is established. When a part is given, using its 
code the nearest standard process plan is retrieved from the 
huge database and then is edited or modified according to the 
part in hand. Such a system is very useful but inelegant due 
to its huge storage. 
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(ii) Generative T37pe of CAPP Systems 

Computer creates the process plan for any given part 
starting from scratch. It would employ a set of algorithms 
to progress through the various technical and logical decisions 
towards a final process plan. Such a system synthesizes the 
design of the optimum process sequence, based on an analysis 
of part geometry, material, and other factors which woxild 
influence manirfacturing decisions. 

1.1.4 Expert System for Process Planning 

The Concepts of generative process planning mentioned 
earlier have good potential as they can be used to any product 
at any time to produce the route sheet. But the problem is not 
so easy to be tracked down as there are no standard algorithms 
or methods. Most of the information or knowledge is empirical 
and to a large extent depends upon the t 3 rpe of industry, 
available machine tools and cutting tools. Also the logic in 
general is found to be complex and is not tractable to any 
algorithmic methods as it is too cumbersome, naive and inflexible. 
This logic and knowledge should be able to be easily modified 
or changed within the system. 

Hence there seems to exist need to develop a system 
which is having the following characteristics! 

(i) It sho-uld be possible to implement the company specific 

machining methods. 
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(ii) It should be possible to frequently evaluate and 
modify the decision criteria based on information obtained 
in manufacturing practice related to better methods and 

(iii) It shoTild be possible to maintain and develop company 
specific know-how in a practical way. 

These characteristics can be realised in practice 
using some of the latest developments in Artificial Intelli- 
gence (AI) research. They are the knowledge based systems 
or the Expert systems. With the help of these recent AI 
techniques one can develop knowledge-base driven systems for 
process planning. 

Artificial Intelligence can provide better planning 
and control towards a higher productivity of automatic manu- 
facturing. In simple terms, some of the human intelligence 
which is needed to make decisions will be transferred to the 
computer machinery; many decisions v/ill then either be made 
automatically, or information will be prepared for human 
operators to minimize delays in their decisions. 

1.2 EXPERT SYSTEMS 

Developments in the area of mathematical logic and 
computational methods which lead to symbol processing had a 
great impact on the recent AI techniques* These techniques 
paved way for the development of systems which incorporate 
some of the characteristics of human thought like the ability 
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to learn, reason ^ solve problems, and understand ordinary 
human language. 


Research is going on and attempts are being made to 
develop a system which can duplicate the results of learned 
skills or expertise without concern for whether it is exactly 
the process used by real expert. The basic concern of such 
systems is to consistently duplicate the results of a human 
expert. Such systems are generally termed as Expert systems 
or Rule based systems. 

1.2.1 Properties of Expert Systems 

The properties shared by the various techniques of 
building expert systems are, 

(i) Practical human knowledge is incorporated in the form 
of conditional rules, 

(ii) Skill of the systems increase at a rate proportional 
to the size of the knowledge base^ 

i.iii) Determine the best sequence of rules to execute, and 
(iv) Explain their conclusions by retracing their actual 
lines of reasoning. 

Because of the above properties, expert systems differ 
from traditional programs in both their architecture and in 
the development process by which they are constmcted. In 
contrast to traditional programs, where the emphasis is on 
procedural instruction for the computer, the focus of expert 
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system development is on the acquisition and organisation 
of knowledge bases. 

1.2.2 Features of an Expert System 

As shown in Fig. 1.1, simple expert system consists of 
knowledge base and inference engine which are storage and 
processing elements, respectively [?]. The basic cycle of an 
expert system consists of a selection phase and an execution 
phase. During the execution phase, the system interprets the 
selected rule to draw inferences that alter the system’s 
dynamic memory. 

The knowledge base consists of domain specific knowledge 
in the form of rules and facts. The inference engine retrieves 
the facts and rules and using some resolution techniques tries 
to infer new goals. The control structure determines the way 
in -vdiich the rules and facts are linked. Some salient features 
of facts, rules and control structure are described below. 

(a) FACTSi Facts are a kind of data in knowledge base, 
which express assertions about properties, relations, proposi- 
tions etc. Facts are usually static and inactive. 

(b) RULESs Rules always express a conditional, with an 
antecedent and a consequent component. 

In general the production rules are expressed as, 

IF <antecedent> 

THEN <conGequent>. 
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The interpretation of a rule is that if the antecedent can be 
satisfied the consequent can also be satisfied. Rules always 
specify analytic problem solving knowledge and they form the 
basis for inference mechanism. 

(c) CONTROL STRUCTURES This defines the problem solving 
approach or how the data and knowledge can be manipuilated to 
solve the problem. This control strategy is a function of 
the problem to be solved. The general approaches are, 

(i) Forward Chainings If the solution starts from an initial 
set of data and conditions and moves towards some goal or 
conclusion, it is called model, data, event or antecedent 
driven. 

(ii) Backward Chainings In this method, expert sj^stem begins 
with a goal and successively examines any rules with matching 
consequent components. These candidate rules are considered 
one at a time. The unmet conditions of the antecedent are 
extracted from each plausibly applicable rule, and these con- 
ditions are in turn defined as new goals. The back chaining 
control then shifts attention recursively toward the new goal. 
The effort terminates when the top goal has been reduced to a 
set of satisfied subgoals. 

1.2.3 Knowledge Representation s 

Power of any expert syc^om lies jn j.ts specific knowledge 
of the problem domain. This domain knowledge is usually proce- 
dural in the sense that it tells how the data for a problem can 
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be manipulated in order to solve the problem. There are 
various schemes using which this knowledge can be represented. 
They are, 

(i) Predicate logic 

(ii) Procedural construction 

(iii) Semantic networks 

(iv) Production systems and 

(v) Frames. 

1*2.4 Expert System Shell, VIDHI 

VIDHI, is an expert system shell developed at ITT, 

Kanpur based on logic programming fundamentals. The logic 
programming is based on a subset of first-order predicate 
calculus namely the horn clauses. 

(i) LOGIC PROGRAMMING 

Logic Programming can be used to solve problems involving 
objects and relationships. Predicates are used to express the 
relationship between objects. For example, to express Ram 
is heavier than Tom, one can define a predicate heavier 
and represent it asS 

(HEAVIER RAM TOM) 

Rules are framed using atomic formulas which consist 
of predicates and terms. These rules are used in inferring 
new goals. Here we shall briefly discuss what is meant by 
terms, atomic formulas an'^ ■inference. 



12 


(a) TERMSi Terms occur as arguments of predicates in formu- 
las and usually denote things. A term can be any one of the 
following; 

1. a variable ^ a symbolic atom beginning with a '?' (e.g., 

?Y, ?TYPE) 

2. a constant i a symbolic atom not beginning with a or 

a number (e.g., 7, TAPER), 

3. a function-arguments combination s a list of the form 

(<f><pl> ... <pn>) 

where <f> is a function symbol and <pl> to <pn> are arguments. 
Hence a function GET- THEM defined over two arguments RAM, SAM 
written as (GET-- THEM RAM SAM) can be a term. 

(b) FORMULAS^ A formula can take any one of the following 
two f o rms » 

1. An atomic formula is a predicate- arguments combination 
where the predicate is a symbolic atom, and the arguments 
are terms. It is represented as a list. 

(TAPSPD PCLS 175225 160) 

where TAPSPD is the predicate and PCLS, 175225 5 160 are 
arguments . 

2. A horn clause is of the form, 

B A^ ... A^, n >= 0 

where B and A^ to A^ are atomic formulas. B is called the 
consequent and A^ to antecedent. If the antecedent is 
empty (i.e.) n = 0, the horn clause reduces to an atomic 
formula. 



13 


For example, if one wants to say every ?X father of ?Y 
is a parent of ?Y as well, it can be represented as, 

(PARENT ?X “^Y) - (FATHER ?X ?Y) 

A horn clause with an empty antecedent is called a 
fact while one not so is called a rifle. Normally, rules have 
variables, while facts do not have any, 

A formula whose truth value is to be determined is 
called a query or a goal formula. If the goal formifla has 
a variable, then the binding of the variable for which the 
formula is true is the answer. If the formula cannot be 
proved true for any of the binding the answer is false. 

(c) INFERENCEi The inference mechanism starts when a goal or 
a query is posed by the user. The inference proceeds by modus 
ponens (i.e.), by application of rules. 

First, we check whether a query or goal matches with a 
fact already present. If yes, the query can be answered to 
be true. In case the query fails to match with any of the 
facts, we try matching it with the LHS of rules. If a rule 
matches, the atomic formulas in its RHS after proper instan- 
tiation become the new sub- goals, all of which have to be 
matched as above. In case of failure to match a sub goal, 
another rule is fired. This process repeats until either we 
are successful, or no more rules remain to be tried. 
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(ii) OTHER FEATURES’. 

The shell provides an ASK-USER predicate which facili- 
tates in posing questions to the user. If the user is unable 
to provide the answer the formula is not true and it is 
recorded that the user does not know the answer. If the 
formula is satisfied an appropriate fact is asserted. 

It is possible to declare some of the predicates as 
of intermediate tYpe if they are to be asserted as facts in 
case they get inferred. Similarly text can be attached with 
predicates so that it will help the user in ansv/ering some of 
the questions. 

For a detailed explanation of the VIDHI shell, one is 
referred to the Tutorial on VIDHI, which is available on 
DEC- 1090 at IIT Kanpur. Various commands and usage of the 
VIDHI shell along with the manuals are given in Appendix A. 



CHAPTER II 


LITERATURE REVIEW 

Developing a system which can perform process planning 
automatically is becoming more and. more important. With the 
advent of FMS technology and new maniafac tuning methods, process 
planning is getting the much deserved attention due to its 
potential in linking CAD and CAM to produce a high productivity 
industrial environment. 

2.1 CAPP SYSTEMS 

Weill et al., and Eversheim et al. , developed Computer- 
Aided Process Planning (CAPP) systems for rotational, sheet- 
metal and Prismatic Parts [6]. These systems are basically 
developed using variant approach. They store standard process 
plans based on part family and group technology concepts. 
Whenever a part is given,, using its classification code the 
standard plan is retrieved and edited depending to suit the 
part. There are systems available which develop the process 
plans by interaction with the user. One such system is ICAPP 
developed by Eskicioglu and Davies, which uses both variant 
and generative methods [5]. 

2.2 EXPERT SYSTEMS AND PROCESS PLANNING 

There have not been many systems developed based on 
the concepts of generative approach because of the natural 
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difficulty in incorporating the logic and judgement. With 
AI techniques rapidly growing, there are few attempts made 
in developing expert systems for process planning which use 
the expertise and knowledge of skilled process planners. 

Systems developed hy Matsushima et al., and Van’t 
Erve et al., [l,3] use production rules for representing the 
knowledge as rules and facts. The production rules are gene- 
rally conditional and they are of If-then form, 

IF < consequent geometry> 


Airo < > 

OR > 


THEN <recommendable machining type> 

< specified parameter and its value> 

« 

< antecedent geometry> 

In one of the systems developed by Davies and Derbyshire ,[ 2] 
fuzzy logic is used in representing the rules. A fuzzy logic 
rule introduces an element of uncertainty and has the form. 

If <to a certain extent> <condition> 
then <to some degree> <action> 

Invariably, the control strategy in all these systems 
is one that uses back- tracking search or goal hypothesis. In 
all these systems there are some standard features, or clauses 
defined in order to specify the product. But these features 
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are generally incomplete and primitive in nature. They also 
provide with the concept of generating alternate routings 
v^hich are to be evaluated on some economic criterion to choose 
the best one. Systems described in [l,3] are basically suited 
for drilling holes while the one, in [2] is suited for rota- 
tional parts. 

There has been an expert system developed for machining 
data selection by Wang and Wysk [4] which uses both empirical 
equations and stored data in database. This system uses a 
forward reasoning scheme. The user enters the combination of 
material, tool, operation etc., the recommended machining data 
will then be generated and presented on the screen. 

So far the expert systems developed in this area use 
the conventional programming languages like Fortran and Pascal. 
Hence the efficiency of such systems while pattern matching 
are found to be limited. Using languages like LISP and PROLOG wil 
improve the systemb performance as well as the inference 
mechanism. 

2.3 SCOPE AND ORGANISATION OF THE WORK 

In the present work an expert system has been designed 
and developed for process planning of axi-symmetric parts. 

Given the description of the part in terms of features, the 
system identifies the operations, generates the operation 
sequence and determines the cutting conditions. In addition, 
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it also recommends the cutting tools and cutting fluids. The 
system also generates various statistics such as machining 
time and the time required for euch tool. Such statistics can 
be used for production planning and scheduling. In the 
Chapter III, we will discuss the design of the expert system, 
where in various modules of the system are explained along 
with their functions. Chapter IV presents the formulation 
of various rules and facts that generate the process plan. 

A sample output demonstrating the consultation with the system 
and various system capabilities is also included. Chapter V 
concludes the work and presents the scope for future work. 



CHAPTER III 


DESIGN OF THE EXPERT SYSTEM 


The design of the expert system involves as a first 
step, acquisition and collection of knowledge from experts as 
well as from hand books. Then, this acquired knowledge has 
to be structured and organised into well framed facts and 
rules v/hich form the basis for inferring new goals. To for- 
miiLate the facts and rules it is essential to think of the 
right kind of predicates to represent various relationships 
between objects. Identification of the various features, 
using which one can define a product, happens to be an important 
step in the design because it helps the user to define the 
product completely. 

In the present work we confine ourselves to axi- symmetric 
parts. Axi- symmetric parts are those whose surface to be 
formed is symmetrical about the axis of rotation, ¥e consider 
engine lathe and centre lathe as the two machine tools, using 
which the part can be produced. The design can be easily 
modified to suit for turret and capstan lathes. 

3.1 SYSTEM DESCRIPTION 

The block diagram of the system is as shown in the 


Fig. 3.1. 
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The feature description module, through a dialogue 
with. the user gets the complete information about the part. 

The shell, in the process of satisfying the goal of developing 
the process plan, triggers various facts and rules available 
in the knowledge base and infers various sub-goals. If some of 
these sub“goals which are useful in future can be defined to 
be of intermediate type and added to the knowledge base of 
facts, it will reduce the labour of inferring them in future. 

The output generation module takes up some of these inferred 
sub-goals and develops the route sheet along with the recommended 
cutting conditions, tools and cutting fluids. 

3.2 FEATURE DESCRIPTION MODULE 

It is essential that every part is completely described. 
This helps the computer in understanding the part in hand. In 
order to achieve the above objective there have bean some 
standard features identified in case of axi- symmetrical parts, 


which 

are given 

below. 

1. 

FACE 

- any surface that is perpendicular to the 

axis of rotation 

2. 

CYL 

- any cylindrical surface 

3. 

EXTAPER 

- any external tapering surface 

4. 

INTAPER 

any internal tapering surface 

5. 

EXTHREAD 

- any portion of the surface that is threaded 

externally 



22 


6. INTHREAD - any portion of the surface that is 

threaded internally 

7 . HOLE - any internal cylindrical surface 

8. KNURL - any portion of the surface that is knurled 

9. FORM “ any surface that is curved in nature 

Features are characterized by shape definition, 
geometrical and technical data. Hence for a complete des- 
cription of the features Table 3.1 may be referred to. Along 
with the feature description, the data regarding the surface 
finish and tolerance is also to be supplied. 

3.3 THE KNOIJLEDGE BASE 

The human expert’s knowledge generally tends to be 
unstructured and fragmented. The design involves organisa- 
tion of such knowledge and representation in the form of 
facts and rules. 

3.3.1 FACTSs 

A fact is defined as an unconditionally true assertion, 
hence it is a rule with a nil antecedent. The various facts 
that are framed in this present system correspond to the 
recommended cutting conditions for various operations, 
recommended cutting tools, recommended single point tool 
geometry and the cutting fluids for various operations. Facts 
are to be designed by identifying the right type of predicate 
along with the necessary arguments or terms. The two aspects 
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that are to be kept in mind while forming the facts are the 
reduction in redundancy and the increase in flexibility . 

3.3.2 RULESS 

A rule is an assertion which forms sub-goals when the 
consequent matches with the goal. Th&se sub-goals become 
goals in the next stage. This process continues until either 
the database is exhausted or all the sub-goals are satisfied. 
Each rule says that if the consequent goal or situation has 
to be satisfied all the antecedents have to be satisfied. 

The rules that are framed in the present system aid in generat- 
ing the sequence of operations, determining the necessary 
cutting conditions, selecting the cutting tools, recommended 
single point cutting tool geometry and the cutting fluids for 
each operation. 

While framing the rilLes, it is necessary to envisage 
all kinds of products that can be formed using ’the features 
described earlier. Ordering of the rules happens to be an 
important step. As the goal is matched with the consequent 
of a rifle sequentially, ordering becomes vital. If the 
ordering is improper either system will go into an infinite 
loop or it will infer something irrelevant. Rules are to be 
precise and distinct- 
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3.4 THE OUTPUT GENERATION MODULE 

When the top goal i.e., developing a process plan has 
been requested, the system tries with various facts and rules 
and satisfies a number of sub-goads to infer* the top query. 
These sub-goals if they are defined to be of intermediate 
type, get asserted and stored in the fact data base. To 
generate a detailed report, it is essential to get them from 
the fact database where they are stored as property lists. 
Using these facts various reports are generated. The sequence 
of operations, the cutting conditions which include speed, 
feed, depth of cut, number of passes along with machining 
time, the recommended cutting tools for each operation along 
with their equivalent ISI code, the recommended single point 
cutting tool geometry and the cutting fluids for each opera- 
tion. Another report which specifies for how much time each 
tool isrequired is also generated. This report gives an idea 
about how much time each tool is tied up and also helps in 
tool planning on a wider horizon. 



CHAPTER IV 


DEVELOPMENT AND IMPLEMENTATION OF THE EXPERT SYSTEM 


This chapter deals with the implementation of the 
system and also gives the goal tree generated when the top 
query of process plan is requested. At the end of this 
chapter, a sample output is attached which brings out the 
system capabilities. 

4.1 REPRESENTATION OF FACTS 

In the knowledge base, there are facts stored relating 
to various cutting conditions (speed, feed, depth of cut) and 
tool angles (Back rake, Side rake, End relief, Side relief, 

Side and Cutting edge angles). In this section we shall 
discuss how the various facts are represented ^ich facili- 
tate the inference of new goals. We consider them group- wise. 

^•1*1 Rough Tiirning, Rough Boring and Rough Taper Turning s 

The predicate with which the cutting data corresponding 
to speed, feed and depth of cut for the above operations 
linked with is SRCDAT and the fact is represented as, 

(SRCDAT material ( ( ( (HSS-speed range-1 ) (Carbide-speed range-l)) 

(Feed range-l) (Depth of cut range-l)) 

(((HSS-speed rang a- 2) (Carbide- speed range-2)) 
(feed range-2) (Depth of cut range-2)))) 
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(e,g.) (SRCDAT FCS ((((llO 40)(250 150))(0.3 0.2)(2 0.5)) 

(((70 40)(180 120))(0.5 0.25)(5 2)))) 

represents ranges of speed, feed rate and depth of cut as 
mentioned within the parenthesis. 

4.1.2 Finish Turning and Finish Boring s 

The predicate with which the cutting parameters for 
operation finish turning is linked with is SFCDAT and the 
one for finish boring is BFCDAT. The structure of the both 
the facts look alike. They are represented as, 

(SFCDAT material Hardness range 

(HSS-speed HSS-feed HSS-depth of cut) 

(Carbide- speed Carbide-feed Carbide-depth of cut)) 
(e.g.) (SFCDAT PCLS 125175 (38 0.18 0.64) (151 0.18 0.64)) 
(BFCDAT HSTS 175225 (15 0.10 0.25) (60 0.13 0.25)) 

4.1.5 Drilling and Reaming s 

The predicate used for storing drilling data is DRLDAT 
and for reaming it is REMDAT. The feeds corresponding to the 
standard drills whose diameters are 1/8", 1/4", I/2", 3/4", 

1", 1^" and 2" are stored and for any other drill falling 
in between, the feed is interpolated. The representation 
looks like. 
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(DRLDAT material Hardness -range 

(Speed (Various feeds corresponding to standard drill 

(e.g. ) 

(DRLDAT MTS 225275 (lO (0.05 0.08 0.13 0.23 0.25 0.30 0.33) 
(REMDAT MTS 225275 (9.5 (0.05 0.13 0.25 0.4l 0,51 0.64))). 

4.1.4 Tapping I 

The predicate that is defined is TAPSPD and the repre- 
sentation is, 

(TAPSPD material Hardness-range speed) 

e.g., 

(TAPSPD ASS 175225 4.7) 

4.1.5 Thread Cutting s 

Thread cutting data is represented using the 
predicate THROAT as, 

(THROAT nominal-diameter pitch of the thread 

No. of cuts if No. of cuts if \\ 

external threads internal threads 

e.g. , 

(THRDAT 48 3 (315 10 13)) 

4.1.6 Cutting Fluids s 

The cutting fluid to be used depends to a large extent 
on the operation being performed and worlq)iece material. The 
data regarding the cutting fluid has been linked with two 
predicates FLDCODE and FLDNAME. They are represented as, 


/Spindle 
^ speed 
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(FLDCODE operation material cutting fluid code) 
(FLDNAME cutting fluid code cutting fluid name) 

a • S* » 

(FLDCODE REAM ASS 4) 

(FLDNAME 4 (HIGH SULPHUR FATTY CHLORINATED OIL)) 

Similarly, there are predicates defined associated with 
facts for other operations like facing, counter boring, counter 
sinking, knurling and form turning. Also there are facts 
stored corresponding to cutting tools alongwith their I.S, 

Code for various operations and also the recommend single 
point tool angles depending upon the tool material. There are 
more than 350 facts stored in the present fact database. All 
these data have been compiled using various handbooks [9fl0,ll]. 

4.2 REPRESENTATION OF RULES 

Rules are represented as, 

where B, A^, ..., A^ are atomic formifLas as described earlier. 

The rules framed are dependent on the logic. The logic 
is due to technological considerations and operations feasibi- 
lity. The rules when fired succeed in inferring some goals 
which determine the sequence of operations. 

Before, the rules are framed, it is essential to 
envisage all the parts that can be defined with a certain 
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nuiriber of features, and place them in one category. Thus 
the parts are categorized as three feature parts, four 
feature parts and so on. The number of sub— goals that will 
be set-up are different for each category of parts, which 
basically depends on the maximum niomber of operations into 
v/hich the features get exploded. 

For example, let us take the rifles relating to four 
feature parts and see how they look like. There are predi- 
cates 0PR41, 0PR42, 0PR48 which basically detennine the 

sequence of operations. Such type of predicates are here 
onwards referred to as output predicates. The atomic formifla 
involving output predicate will generally be present as a conse- 
quent in all the rules. Before a formifla involving output 
predicate gets asserted, it forms the formula having data 
predicate, such as DAT41, DAT42,..., DAT48 as sub-goal. 

This makes it possible to assert both the operation and its 
corresponding data. For example, 

(0PR43 CYL ROUGH 2 ?FX3 ?FY3 ?FZ3) - 

(BAR- STOCK) 

(0P2 CYL ?X3 ?Y3 ?FZ3) 

(LENGTH ?FY3) 

(BAR ?FX3) 

(DAT43 RCYL ?SFD43 ) 
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This riole states that the operation is rough turning 
corresponding to feature number 2, provided the second fea- 
ture is CYL and the part is produced from Bar Stock, Note the 
formula having data predicate DAT43 which is asserted before 
the operation is inferred. The output predicate 0PR43 carries 
information regarding what type of an operation, w'hat feature 
does it correspond to and what are the dimensions. The dimen- 
sions help in calculating the spindle speed, depth of cut, 
number of passes and hence the machining time. Here we shall 
discuss the formixLation of various rules. 

FACINGS 

Invariably, whenever a part is produced from bar stock 
it is essential that the end is faced which helps in centering. 
Centering is essential for controlling various diametrical 
dimensions of the part being produced. 

(0PR61 FACE RH 6 ?FXL ?FY1 ?FZl) - (0P6 FACE ?FX1 ?BY1 ?FZl) 

(OPl FACE ?X1 ‘?Y1 ^1) 

(BAR ?FY1) 

(DAT61 FACE ?C1) 

(BAR ?FY1) - (MAX-DIA ?MD) (BSIZE ?MD ?FYl) 

(BSIZE ?A ^B) ^ (ASK-USER (SOURCE ?A) 

(TARGET ?B) 

(QUESTION PLEASE SBEIFY THE' NEAREST 
BAR DIAMETER CORRESPONDING TO A SIZF 
OF ■2A.)) 
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(DAT61 FACE ?C1) - (TOOI^MTL CARBIDE) 

(MATERIAL ?M) 

(HARDNESS ?H) 

(SFCDAT ?M ?H ?X ?Cl) 

When the facing is performed first, the diameter 
size over which the operation is done corresponds to original 
bar stock size. The rule also says that if the sixth feature 
is facing and the first feature is facing, then satisfy this 
rule. This is because there can be facing operations corres- 
ponding to features two and three. 

Whenever, we talk about facing it is not only corres- 
ponding to the ends but also to any surface that is perpendi- 
cular to the axis of rotation. These surfaces can be either 
a collar surface or a shoulder surface. When operation is 
performed on such siorfaces it is required to know whether a 
RH facing tool is to be used or a LH facing tool is to be 
used. In the above rule, if the consequent is observed one 
can see that there is a term RH which means a RH facing tool 
is specified. 

ROUGH TURNING'. 

Any surface that is specified with the help of features 
like CYL, EXTHREAD, KNURL and sometimes EXTAEER require that a 
primary operation of rough turning to be performed. If a 
part is described with the help of some of the features mentioned 
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above, it is necessary that rough turning is perfornied 
corresponding to these features. Whenever, rough turning 
is to be performed related to two or more than two features, 
it is recommended that they are performed in a sequence 
because the tool to be used in all these cases remains the 

same. This helps in saving time related to setting up of the 

tool. 

(OPR63 CYL ROUGH 2 ?FX3 ?Fy3 ?FZ3) - (0P2 CYL ?X3 ?Y3 

(BAR ?FX3) 

(LEH-DIS ?FY3) 

(DAT63 RCYL ?C3) 

(OPR63 CYL ROUGH 2 ?FX3 ?FY3 ?FZ3) - (0P2 KJJURL ?X3 ?Y3 tFE3) 

(BAR ?FX3) 

(LEN*-DIS ?FY3) 

(DAT63 RCYL ?C3) 

(OPR63 CYL ROUGH 5 '?FX3 ?FY3 ?FZ3) - (0P5 EXTHREAD ?FZ3 ?Y3 

(BAR ?FX3) 

(LEN-DIS ?FY3) 

(DAT63 RCYL ?C3) 

(LEN-DIS ?LD) - (ASK-USER (SOURCE) 

(TARGET ?LD) 

(QUESTION PLEASE SH2IFY THE TOTAL, 
LENGTH OF THE lART THAT IS PROUittced)) 
(DAT63 RCYL ?C3) (MATERIAL ?M) 

(SRCDAT ?M ?C3) 
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The rough turning operation when done initially requires 
that the whole length of the work piece to be turned. Also the 
thickness of material that is to be removed depends on the 
original bar stock size and the required diameter. Hence this 
information regarding bar size and the total length is passed 
to the consequent as shown in the above rules. 

FINISH TURNING! 

A finish turning operation is required to be performed 
on any surface only if the surface roughness specified on that 
particular surface is less than 125 micro inches. Also since 
we are asking the user to specify 0 if he does not know the 
surface roughness value, we should check for the condition 
of surface roughness being greater than 0. 

(0PR67 CYL FINISH 5 ?FZ7 ?FY7 ?FX7) - (0P5 CYL ?FX7 ?FY7 ?FZ 

(OP 2 FACE ?X7 ?y7 ^7) 
(ST7 «7 ?T7) 

(> ?S7 0) (< ?S7 125) 

(DAT67 FCYL ?C7) 

(DAT67 FCYL ^Q7) ^ (TOOI^MTL CARBIDE) 

(MATERIAL ? M) 

(HARDNESS ?H) 

(SFCDAT ?M ?H ?X ?C7) 

(DAT67 FCYL ?C7) - (TOOL-MTL HSS) 

(MA.TERIAL ?M) 

(HARDNESS ?H) 

(SFCDAT ?M ?H ?C7 *^X) 
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(TOOL-MTL ?TM) - (ASK-USER (SOURCE) 

(TARGET ?TM) 

(QUESTION PLEASE SIECIFY THE TOOL 
MATERIAL THAT IS BEING USED)) 

(DEFELAB TOOI^MTL (IT IS RECOMMEIOED THAT CARBIDE TOOL MATERIAL 

IS USED FOR OPERATIONS LIKE TUPI^ING, TAPERING, 
THREADING AND FACING. VfflILE FOR OPERATIONS 
LIKE BORING, DRILLING AND REAT^ING HSS TOOLS 
ARE PREFEPJIED) ) . 

One more point to be noted is that the data that is 
getting asserted depends on the tool material that is specified 
by the user. 

ROUGH TAPER TURNING, FINISH TAPER TURNING AND CHAMFERING? 

The structure of the rules for identifying this type of 
operations remains to be the same as one described earlier for 
rough turning and finish turning, but for one additional pre- 
dicate TAPER. This predicate tries to establish whether the 
operation is performed using a form tool, which is one way of 
producing the taper. This is useful because, the way in which 
feed and depth of cut are specified for form tools are different 
from the way in which they are specified for other ways of 
production* 
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(0PR67 REXTAPER ?TYPE 5 ?FX7 ?FY7 ?FZ7) ^ 

(0P5 EXTAPER ?FX7 ?FY7 ?FZ7) 

(> ?FY7 6) 

(0P3 EXTAPER ?X3 '?Y3 “23) 

(TAPER 5 ?TYPE) 

(DAT67 REXTAPER ?C7) 

(0PR68 FEXTAPER -jTYPE 5 ?FX8 ?FY8 ?FZ8) 

(0P5 EXTAPER ?FX8 ?FY8 ‘?FZ8) 

(0P2 FACE ?X2 ?Y2 ?Z2) 

(ST5 ?S5 ’T5) (> ‘^35 0)(< ?S5 125) 

(DAT68 FEXTAPER ?C8) 

(TAPER '’A ■’B) - (ASK-USER (SOURCE ?A) 

(TARGET ?B) 

(QUESTION PLEASE SPECIFY FORM IF 
THERE IS A FORM TOOL AVAILABLE SO 
THAT EEATURE ?A CAN BE PRODUCEDE 

BY FORM TURNING ELSE SPECIFY OTHER)) 

Checking for the length of tapering being greater than 
6 mm helps in distinguishing between taper turning operation 
and chamfering operation. If it is a chamfering operation, the 
operation may get delayed and come late in the sequence of 
operation as another tool like chamfering tool has to be loaded 
for producing this operation. 
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(0PR610 CHAMFER DUM 5 ?FX10 ?FY10 ?FZ10) - 

(0P5 EXTAPER ?FXLO ?FY10 ?FZ10) 

(<= ?FY10 6) 

(OPl FACE ?X1 ’Y1 ?Z1) 

(DAT610 CM-'IF ?ClO) 

DRILLINGS 

Whenever a part is produced from bar stock which is 
having a feature as HOLE, it is required that the drilling 
operation is performed. If it is produced from casting, it 
is likely that it has a hole already cast. Otherwise in such 
case one can use core drills which are specially meant for 
enlarging the holes. It is also necessary that, if the fea- 
ture is INTHREAD, drilling operation is performed initially. 

(0PR67 DRILL ?DIA 1 ?FX7 ?FY7 ?F27) - 

(OPl HOLE ?FX7 ?FY7 ?FZ7) 

(DSIZE 1 ?DIA) 

(DAT67 DRILL ?C7) 

(0PR67 DRILL ?DIA 1 ?FX7 ?FY7 ?FZ7) 

(OPl INTHREAD ?FX7 ?FY7 ?FZ7) 
(DSIZE 1 ?DIA) 

(DAT67 drill ?C7) 

(DSIZE ?A ?B) *- (ASK-USER (SOURCE ?A) 

(TARGET ?E) 

(QUESTION PLEASE SBEIFY THE IffiAREST 
STANDARD DRILL SIZE CORRESPONDING TO 
A DIAMETER OF ?A) ) 
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(DEFELAB DSIZE (THERE ARE STAIDARD -DRILLS AVAILABLE RANGING 

FROM A SIZE OF 3 MM TO 50 I'M ^fLTE Al'i INCREMENT 
OF 0.5 M'l)) . 

ROUGH BORINGS 

If the hole that is produced by a drill has to be enlarged 
or if the hole that is produced by casting has to be brought 
to a required size then the operation of rough boring is specified. 
The data related to rough boring and rough turning remains the 
same as both are basically turning operations. 

(0PR68 BORE ROUGH 1 ?FX8 ?FY8 ?FZ8) 

(OPl HOLE ?FX8 ?FY8 ?FZS) 

(DSIZE 1 ?FZ8) 

(DAT68 RBORE ?C8) 

REAT'IING AITO FINISH BORINGS 

Reaming and finish boring, both the operations are 
finishing operations which help to achieve the reqirLred dimen- 
sional tolerance. But to know when to use which operation is 
interesting. The reamer size is one limitation while uhe 
other limitation is the lengtn to diameter ratio. The reamers 
are available, in general, from 3 min to 40 mm. If the diameter 
is larger than this one has to go in for boring operation. Also 
another consideration is that if the length to diameter ratio 
is less than 2 reaming is preferred to boring. In the present 
work we incorporated the second consideration. 
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(OPR69 bore finish 1 ‘?FX9 ?FY9 ?FZ9) ^ 

(OPl HOLE ?FX9 ?FY9 ?F29) 
(BORE-OR-READI ?FX9 ?FY9) 

(OP3 FACE ?X3 ?Y3 ?Z3) 

(STl ?S1 ?T1) (> ?S1 0) (< ?S1 12 

(DAT69 FBORE ?C9) 

(DEFCOMP BORE-OR-REAM (LAMBDA (X Y) (COND [ (< X (* 2 Y)) T] 

[T NIL ]))) 

(0PR69 REMi ?SIZE 1 ?FX9 ’FY9 ?F29) - 

(OPl HOLE ?FX9 ^FYg ?FZ9) 

(0P3 FACE ?X3 ?Y3 ?Z3) 

(RSIZE 1 ?SIZE) 

(DAT69 hem ?C9) 

(RSIZE ?A -B) - (ASK-USER (SOURCE ?A) 

(TARGET ?B) 

(QUESTION PLEASE SPECIFY THE 
NEAREST STAIvTDiMD REMER SIZE 
CORRESPONDING TO A DIII'IETER ?A)) 
(DEFEL/iB RSIZE (THERE ARE STMDaRD REAMERS AVAILABLE FROM 

6 m TO 40 IVM WITH AN INCREMENT OF 1 MM) ) , 

It shoiLLd be clear from the above rules that, if the 
finish boring operation does not get satisfied the next rule 
v/hich specifies reaming gets satisfied. 

KNUicNING* 

If the operation to be performed requires knurling, it is 
asserted as to lidiat type of knurling is required on the surface. 
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The two types of knurling that are possible are parallel 
knurling and diamond knurling. This helps in specifying the 
appropriate cutting tool. 

(OPIi6l3 KNUiiL ?KI'JL 3 ?FXl3 ?rfl3 ?FZ13) *- 

(0P3 KNUfcL ?F5a3 •?FY13 ?FZ13) %' 

(KNh-TL ?Kl:'IL) 

(Di^T6l3 KhURL ?C13) 

(KI'JIr-TL ?KNL,) - (ASK-USER (SOURCE) 

(TARGET ?KI^L) 

(QUESTION PLEASE SEEIFY \mi.T 
TYPE OF KiNURLING IS REQUIRED. 

P/E/ELEL OR DMOt®) ) . 

EXTERNAL THiTEiiDING, INTEI^NaL THPE/EING AxYD TAPPING; 

A feature defined as EXTHrEjE gets exploded into rough 
turning and threading operations. The rough turning operation 
is established earlier to threading. Similarly, for IKTHREAD, 
drilling is the primary operation and then tapping or threading 
follows. While establishing the thread cutting operation one 
also asks information about the direction of threads that is 
LH or RH. 

(0Pn6l2 EXTHREAD “’DIR 5 ?FX12 ?FY12 ?FZ12) - 

(0P5 EXTHREi^D ■ 7FXL2 ?FY12 ?FZI2) 
(THRD-DIR ’DIR) 

(DAT612 EXTHiElAD ’FX12 ?FZ12 X12) 
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(THRD-DIR •’DIR) ^ (ASK-USER (SOURCE) 

(TARGET ?DIR) 

(QUESTION PLEASE SPECIFY THE 
DIRECTION OF THE THREADS LH OR RH)). 

When the feature INTHREAD is specified, we have to specify 
a operation either threading or tapping. The decision regarding 
v/hich operation to he performed is based on the availability of 
tools. If a standard tap is available, we go in for tapping as 
it is faster and easier compared to threading. 

(OPR61? INTHREAD TAP 1 ?FX12 ?FY12 ?FZ12) - 

(OPl INTHREAD ?F212 ?FY12 ?FZ12) 

(0P3 FACE ?X3 ?Y3 ?Z3) 

(TAP-OR- THREAD ?FXL2) 

(DAT612 TAP ?C12) 

(TiiP-OR-THREAD “^TOT) *- (ASK-USER (SOURCE ?TOT) 

(TARGET) 

(QUESTION PLEASE SJSIFY YES IF THERE 
IS A STiam'^ Ti^ THAT IS is.VAILkBLE 
CORRESPONDING TO A DliJvffiTER OF ?TOT)) 
(DaT 612 TiiP 9C12) - (material ?M) (HARDNESS ?H) (TAPSPD ?M «^12) 
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(OPR612 INTHREAD ‘’DIR i ‘?F}CL2 ?FY12 ^FZIP) 

(OPl INTHREAD ?FXI2 ?FY12 ^FZLp) 
(THRD-DIR ?FXL2) 

(DAT612 INTHREAD ?FX12 ?FZ12 ?C12) 
(DAT612 INTHREAD ‘7FX12 ?FZ12 ?C12) ■*- 

(THRDAT ?FX12 ?FZ12 ?C12) 

Sy looking at the above rules, it should be clear that 
tapping operation does not get satisfied, if the internal thread- 
ing operation gets satisfied. 

4.3 CONSULTATION WITH THE USER; 

User has to interact with the system at various stages of 
developing the process plan. The interaction with the user has 
been facilitated by defining the predicates as of ASK-USER type. 
The iiSK-USER predicate gets asserted as a fact after accepting 
the response from the user. If the user responds with DONTKNOW 
the question is not issued in future as v/ell. It is also possi- 
ble to attach text with an ASK-USER predicate. IfiSien the user 
responds with Vi/HAT, the text is displayed to the user. It is 
possible to help the user respond correctly by e3(plaining why 
the question is issued and also by giving him some recommended 
practice which helps in supporting his decision. Thus the 
ASK-USER predicates make it possible to gather as much informa- 
tion as possible from the user. 
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Initially some information is provided to the user and 
afterwards he starts describing the part in terms of featijres. 
The predicates OPl, OP 25 ..., 0P6 here onvrards called input 
predicates, are asserted when the user responds with the 
feature description. If the user forgets how to describe a 
feature, he can type WHAT and look at the information, asso- 
ciated with that predicate. There are also predicates 
STl, ST 2 , ..., ST 6 which ask the user to respond with the 
surface finish and tolerance of the feature. 

Information regarding the standard speeds and feeds 
that are available on a lathe are inferred through the user. 
This is essential bocauso unless the determined speed and 
feed are corrected to the nearest standard speed and feed 
that are available on the lathe, they does not mean anything. 
Also information about the nearest standard drill size that is 
available in the workshop is asked when the feature requies 
drilling operation. 

The user is also asked about some mandatory informa- 
tion which involves specifying the material of the workpiece, 
hardness range of the material, total length of the part and 
the maximum diameter at any position on the part. The various 
materials Identi f’’’ '^To'^gwitb their code name and hardness 
range are shown in Tables 4.1 and -‘,2. 



Table ^.1: Material Code 
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4.4 GOAL TREE GElvERATION 

When a process plan has to be generated for a part, 
PROCESS-PLAN has been set-up as the top goal. While inferring 
the top goal the system goes through various stages which are 
shown in Figure 4.1, which is generally known as the goal-tree. 
In order to satisfy the top goal, the tree has to be traversed 
and the type of tree traversal that is adopted in the present 
system is, the depth-first- search strategy. 

If one carefully observes the goal tree, he can identify 
the various sub-goals that are to be satisfied. Initially, 
the system asks the user to respond to various questions which 
include specifying the speeds and feed that are available on 
the lathe, work piece material and hardness, total length of 
the v/orkpieco etc. After this, the user is asked to describe 
each of the features of the part. Along with each feature 
description, information about surface finish and tolerance 
ic also asserted. Once the part description is over, the 
system goes on finding the various operations and their sequence 
along with the recommended cutting conditions for each opera- 
tion. After this, iniormation regarding the tools for each- 
operation, cutting fluid for each operation and the tool angles 
for single point tool is inferred. Then the system collects 
all those relevant inferred data and generates the report 
which gives the sequence of operations, the recommended cutting 
conditions for e-ich operation, the tools recommended for each 
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operation, the cutting fluid for each operation and also the 
recommended single point cutting-tool angles. It also gives 
the statistics like total machining time and the time for 
which each tool is required. 

The working of the system would be more clear if one 
looks at the sample output for the part shown in the Fig. 4.2, 
which is attached herewith. 



MANDATOIiY-INFO LOGIC-MD-OUTPUT 



Figure 4.]: Goal Tree, 
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CHAPTER V 


CONCLUDING REMARKS 


5.1 CONCLUSIONS 

An attempt has been made to biiild an expert system 
which can produce process plans for axi-symmetrlc parts. 

Standard features have been identified which help the system 
understand the part described by the user. The present system 
is capable of generating the sequence of operations, recommended 
cutting conditions for each operation, recommended tools and 
cutting fluids., for each operation and the recommended single 
point cutting tool angles. Also some statistics like total 
machining time and the time for which each tool is required 
are also presented. 

The present system incorporates more than 350 facts 
and 200 rules. The system can generate process plans for 
parts which can be described starting from three features 
upto six features. The system is implemented on DEC-IO 9 O at 
IIT, Kanpur. 

In the present work, the idea is to see Aether the 
latest developments in AI techniques can be applied to the 
manufacturing environment. Looking in this angle, we feel 
that the, expert systems concept has a great potential in helping 
the industry, provided the vast ocean of unstructured knowledge 
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is acquired and organised into sets of rules and facts. This, . 
however, seems to be a difficult task. 

It is felt that a production S 3 ''stem, in which the rules 
are conditional i.e. , of IF-THEN type, is better suited for 
representing the knowledge related to maniifacturing processes 
and operations. The shell at present does not have the 
capacity to explain or reason. This feature once incorporated 
can make the expert system complete, 

5.1 SCOPE FOR FUTURE WORK 

It is possible to generate several feasible sequence 
of operations for a given part. Hence, the present work can 
be extended to generate several such sequences and evaluate 
them on the basis of either minimum total cost of production 
or maximum production rate. This would result in the optimum 
sequence of operations. 

The present concepts can be extended for the case of 
prismatic parts by identifying some more features in addition 
to those already mentioned. It would be more difficult for 
prismatic parts because, the sequence of operations depend to 
a large extent on the type of machine tool and the iigs and 
fixtures that are available. 
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APPENDIX A 


■ you a I for 

V' I J 'i L “ A n. X f> s r t tvs t e.J’' s a; h e 1 1 


a 1 e e v S a r, q 3 , . ' 

ro'’0‘->!et A'CiPr.cc ari.-, 

}rrU.^a j.'istiti;Le of -VscaauJ ofiy ff^nrmr 


Various co'Ty.anris fOr jSfJrilrvl' assertions, issutrK? uoslsf ef’”, 
are iivt'H t;-. lo-*’, '•‘’oc -ill int cjn-iiajiis, the Oiiter^insf ncitenttcsss 

irav be onafceu (Jf con^iano tHs In one ilnt). 

To run tbe svstef, 

vTmpi 

To net tiSiO typs: 

.help Viu-Ahk ?lo 'iisolr.y tnts oanuaJ 

• d^hp ViDi'lir ;]P -nspJay tt.e futoriai 


S. Adding Assertions to tne 's'^orcspace 

1 • J Adding Facts 

Use any one of tne t 3 }-lo^.'in .3 

CDEFaSRT <name> <foriiUie>) 

CDEFaSSERT <na.T,e> <for,i.'Ue>) 

Exaa.piesi 


(DFP'ASfvT 

(DfcFASFT 

DEFASPl 


FI (0:4 . 
''IL (3i(A 
f 2 ( u‘'i 'A 


.i)3 

^ F)) 

) 


;Xt. tne uuLei parentheses 
; are ironoeo 


ULDlFaSLT Is usgi U rCiiOv/e an asser L ion t ro'^' tne database. , I'.ie 
search is carrle'"! j'H fro’’''- tie neoionincT first among tne facts 
and tneu amonn th?; rates. 


tO/vDFFASsP^ftT <na:tie> <Dr s .ii cate> ) . 

CUAUF.FASftT <f?aT.s> <ore.iicate>3 

UHDEFpAcT or u''lD‘^Fr j L-t are ll<e U‘:Di:>''ASR’f except that tney remove 
a fact or a rule r^soectl s/eiy. 


1,2 Addinq Fufes • ■ 

(DbFftSRT <na!f>e> <conse'4Hent> <tnrmuial> <f armAHanO > 
(DKFASHT <uame> <conse':igent> <” , 

<foriiUiai> ... <torn’ulan>) 
DEFASSERT can also 0 ® 'isei instead of OttASRT, 

Examples: 

COEFASkT Ri (OVSP. ?K ?Y) <- „ „ ^ ^ ,, 

(Df-i ?X ?ZJ (3¥£R 7Z ?Y))3 



2 . 't jf -ir> ,‘',0 

<efl> ,,, <^)!,n^) 

wi'teis' <fif'i>s c«re -ji'.^Tic fof,’:Ui,as. 

Ex-i? Pies: ; 

A H) s> /‘..S 

GOAL (uVi-.P h ?Z) s> 

?Z = P 

ff’jj 

CllAL (')•' A ?u) ( <■■ ^ C) => 

?T 3 = B 
VFLS 


3. Stoiina 3 Woricspace in Files 

aetOfe a workspace can oe stcreH 3 ri tiles, it tuisL „ae 
lecjdeci as to wnlc^ Predicates aIiI be stoTed i-i -vb-it files,. Far 
tiiis purPofef a Cgt-alyT nast oe oret.nrrM lor eac^ of fne f:ii?s. 
Ajtter -tbe catalois are oreoared, tne file ran oe create J or 
updated, 

h file Is soeciftpj o'/ toe nap,e ar.d tne extension in 

a dotted list, or stroly t.ne riu’^e If tnare is no extension. 

OEC-lO File iilSp specification 

xpriTln”"*”"” (Ipht”. na)”'"” 

xPt<T . .xoar 

Cwote* A file is soecLfiel tmlv' oz: 

t<nevice> <Dpn> <na('e>) 

For example, 

GAKI^i XPHI'.DF (■(GkO: i1,4) (XPRl.uB)! 

sva: XpRx.uB n, il ii,U rXpKf.DB)) 

aYS: XPPT.DB f^Yt,; cKpRT.pR)’) 

XrHT,fih n,4| ( 11 V) tXpRT.UP)) 1 

Tiie follo«ilnd cory.an is ueio ptcoare tr»e cataloo: 

(Al)DC/a’ <filenH'n!>> <n''eii> ... <predn>) 


where <.tileiiaiDe> is t.io 
are the na'iies or oreH. 
trie cataloo for ir.e file 
f oliowind : 


firi.'iie of 3 file, and <Preal> 
catss, 3 1 enters <Dredi> to 
naoed <filename>. For 


to <prein> 
<Prean> int 
exariPle , to 


(ADDCAt blocks Ou 
CAOPCAI btiOCKd ’,>u-a?i 3 p) 


first enters Jd arji ani then Orj-yRASp to toe cataiog ;fpr 

file blocks. ■ 'A. : A/ : / 





i 


.jf'is Is still i-Ji C: 1 1 ' esccept tne di etiic'^ces are 

,fi‘o,i the c^l-'Uoj, f>r eKi'’.-)]. e, 

t-^;: 'j..,!C!',r, - 1 ;- .1 

re-’i'^c.'Ves tro^' l 


3 . *• !* ■ , , 

{.’PfCh'." < fc 1 ] enaflasi . 

Tr.ls oisDMy*; tae car,t3pt catal.i-l for tr^e file n'^'ned <i:lie!i'9.fi&>. 


3 , I nid'.ini 

i'nc t^iree co'tiin-iias ot-.erar-e on the Citaloi 

onl/. Ac-fuai flla i'; not air.at .»3 oi creaieo d'i’ taa,,. unce t.is 
catalog i& created (or j'>.3a(:e:i, it un!.? «3rf*afiy exits), file ran 
be created (or anjatei) .isltvi 

tOoKOUT <filenane>} 

Trie above causes luforjattao (facts, rules, r)Dnt<r)OAS, etc,) 
pertaining to pre'li-ates lu the cataioa foi tne <fiienjsno> to oe 
ivritten out to tte tile, cataloi is also Inrtuoej la tvie 

file. 


3.5 DSKIN . 

DStJ'. inay oe .ise» tn reap a tile creotert uslnb or ov 

savincj a session (to oe laser loe.d later). 

C'lSKiia <f,iier(a:ne> ) 

causes tOc file < t ' ie,rja'!;e> to be read In, if ti.e file /ii-is 

ORdteo using D s ^ » ’r c'r'itaiins a cataloo of oredlcate nannesr 
followed bV relevant, xoa invoivinq tOe oredicates, )>SK|M 

causes tue cat*ii'->.; -h leli as tae inf orniacion lavolvino tie 
predicates to be 'real Ui, 


3.6 ^xatioles 

Cl) Creating a Hie for or&ulcates ot ana OvEr for the first 
time: 

(Ai..r>cfu bTOC‘ s ? 


CC) PeadJnu a file toat nad oeen createo earlier usinq dPkouT; 
(DSK’IM BLOCKS) 


( 3 ) Updating infoiTiatlon associated witn predicates in a iiiej 
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(Do'' J '^uOcvO 

.... ; c'kin.Tjf^s to facts and 

; r ij } i s r a 1 i, f i ri ’ to an.: j V p 


(’) idtn^ I'^v or.- f 3 tU&; 

... ; i'efiruo.. issPft tons relatirb to iiu-G^^ASp 

(Ai;.}c,'rr Ah'j:.y- -J 
Ci’AKu*' j, 


4. '^asin.j i.5nesctoo:» 

^iiiestluns cars o;,sa:l 'istnl a sr-ecxai buJit-iu r-i 
ca3io4 /i3,x«>uSf'jF,, Fie f''jUo«,{r,a Is its i.ost qenera.l fori.i 

(SniiKCt: <varl> ... <var''i>) 

CfAHGKf <vari> ... <vat:r}>} 

(OUfSTIDi'i ) 

(TjfPiAS <Lype!> ... <tVo&ii>)) 

wnere <vari>s are toe variaoles, and <typel>s are tne t^pe 
specif icattons of tne tarjet \/ari-j»ies (for user resoonses'. 

TO determine tns tt-nti vyiaa of a formula with toe Preolcste 
A&K-UsEHr first it is C'iec<ad ttiat each ot the source v^iriaoles 
has a variable-fre® value ot ti^e vat-lubie ts not a 

variable and does not contain a variable.), and riOne ot the tar oat 
variables has a vhIuS Cptnei: than a v-oriaoie). If any ot tie 
checks falls, a fail jre is retarnej. if the cnec'fs s'lccsfuif tie 
question is issue i laflu-r saostitutiny var.i.abies, if anvf in t-re 
question text) ana asof resoonsa is awaited. 

If the njooci of t.ar jet. vaiiuoips is zero, tna user mast 
answer in Ills rK;;r'', -'A.! or P %LsC, Ine former two cause true Co a| 
returnea. the latter two, on t.is other hand, cause failure of 
tne formula. 

If -the nuDoer of tar set vHri..iOies js bon~zerOf tne user must 
answer witn as ^'anv values (separated by spaces) '■'^oreovei , Cne 
values nust satisrv toe t/pu ur-aci f icnt ion, if so, tn® t-hroet 
variaolt'S ure t.'ou:v3 to the usar tfesponse, and true is returned. 
The User can say i'>o .. ^ it ue does not Know tti® answer to tn.e 

question. Trial causes faUura, of the formula, nowever, and tne 
DONi'KiiOv) Is storen. 

The type spec’ f i-cat ions are as fuliows: , 

T no rsstiiction on tyre 

H[?ivip,i:;p nuroer ; 

CRAhGK <lo»er> <^uPper>) 

Raoqe Of the. number 

(TuhEiRAKCP <mean> <varlatlon>) 

Rahqe (<mean> - <var |atiori> j 
and (<meani>:' + :<varl'ation>) 

, . . <^ic> 


(enumerate: <yi> 
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< t V r e'i> 


The type S'"* -Cl f ic jt L^,.s '■^re :j..t lonai , in . , 

taere are no r^scricrj 505 o^i user .resrorses. as an eva'^ni 

caosi.'.iei 1^;, toiloviTj; 


( 'ji'jH (<C 1 ', ? O 
t fAPOPi' !T^lo 

t i ,i;fAs- 13 -HF jK 

?K Ip or.T,h'.F‘> 

(TiiPtS i 

TjiC hyestton mltn tie Uven ts,<t is issuer^ ^ihen nas a 

vafiaule- tree vaUe arvi IVM does nut tav-e a ( non-v .^r i.ac. 1 2,1 
value, Tne uger resoOu'^ wLtj a t.uaner (or ; K, .h.s 1 , ft 

Waft to restrict t.ia to 02 rltnin scire raohc Ae "''rite t:ie 

f olio.Aln<i; 

(ASK-USER 

t SOURCE ?X)^ 

[oUESTiru/* Arlhl' TS l-Uf TC ?X it 

DFGPEFS CRMTif^KAuE) ^ 

(TlcPtS (H-A^GE s> ilt)j) 


k number of co^man'is are aVaUaol; 
user types help. 


r t e V n r e s 1 s d i a v e u if, t a s 


DONTKWOii^ 

REPEAT 

viilAT 

Si' ID/! <pre'l> 
t'ip <crr.a> 
i-.ni.r 

iES >>fn Thju; 

or 

Values 


If you -ly IOC <.now tuP at;.SA'er, 

To see tae ')uestiO>i acruif.. _ 
to see PiariO) Or ion ot the auestlon. 

To 52 ? tacis suor'=‘,i (or pi'p'^icate <nrPij>. 
rn PAPC'Ue an'/ ton level cor^nian^ <ciTuj>. 
to se? tniii nessane. 

t''iP nuesti.o') eKrsPCts a confirmation or 
ot-#,et '’’j. sp. , , 

ks r- a n V n n e e e J o v t n e G u e s 1 1 n n E s e ? ci r a t e d 
0 V s 0 0 c ? 5 . 




JnhEEliilF’.B'ltiUAi'F 


CnEFiMiERhi' DI Ai'R <Dr8dr> ... <pre:]n>j 
CnEFiUTHu <pre:,il> ...<or 3 dni>) 


It aetln<=*s oredlcatss <or2di> to <Prean> to ne of interi^^di^t 
type, '^iner.ever 5 i Inyolviiio any ofc the prsdicate 

<predi.>s it tnferce'f^ U is aided to the database of it 

helps avoid reoe’seep jerlyatlon.s of same torifula. 

U('inEFiNTEk"*i.Dl ATE Of Ud oEF It T •*>’' taitps Similar urquments adt 
removes Intirmedlaie t/o© for tie nrp'ilcate. 


6, hEFEl.AFOPkTIh -j and UNdEFE'LAsauA'TTOW 
(DEFEl-ABuRATirti <orei> <text> 


m w 



o 


T..P ric»PvP co'iuPfl.s t.he lONit wit-u t*'e <Prf>.>. it. 

lb Ijssueu Pu f: *? .jser ty'f> 2 S .•M.ftr i.r. response a 
'I '’ift csr !’•. rtt:r;J.?.f3 rioeii tr.P OOc:.r>E, 5 te o f 


7 , Htj’cn an., utjfircn iytJihPkt'.n 

'■''r'l K^' <] I'nn 

It uef.ifies the ori-diCctte <r,£'fia> ta ue ot coi^Dufr,cit.ion?si 
sLoj-es tnft funcr, K k) <ia''.r>r,a> rflth tae <(;re<^>. 
oi (t''?['ErC!jM!.' noes t;-i& DLiPosi.te of Dl 


8 , Saving ang Restorin.:! sessions 

During a session r.^y jet altered :,;.or,t.K 

Inf ormation may get generrteu. Conse..iuent.Iy » to save tr,e session 
in a file, the facts at i :iOrit<nDw infor t^ation Is store-j, in a 
file, in folio^lni: 

(DbKDtlT-SFSSiON <fileta'Tte> <sessiDtif ile> J 

Facts and donttcaot^r aertalnlnh to . pre iicat «=‘S In the 
catalog of <f ller>ai<’e> is stjrei in <sessionf:iie>, 

Tne session may Oe restored lutet oyt 

COSKiN <sesslor,f i I e > ) 

III session may he r^sst ov 

<f.i ..c, e>) 

vmlcn firgr causes ■'til i le r^ie/aat facts ano dont*<no.*;s to os 
removed from this tt’or-tSDUcf-' , an j coen tn® file <rilename> is read 
bacK in , 


9 , 


Handling hjrrors 


If you »isa RD sco^ coe eicRcuiion at any time, tyPe t/iro 
control-C s, yKecjtiOfi stoos ana nelo can he obtained hy t^pln-l 
Typing a coai t o i •.ift.er t’^’o cop.trOi-Cs ta*<es yoa to tne 
top level Of Ult’O, *' Cjotryl-x nfctcr control'-Cs .tasces you out of 
-“R.D. session riji on lost. Ciou can reenter IjJSP in ttie sane 


1.1 X I..# t # u Ot a 1 *- A. w x *•. •»: 1 

session, if tne ver,' j?\t command i 


n,T.lwuB Ok CO.',r.) 


1 ^, , Miscellaneous 


To looK at the lofor ratlor, ra.ssocJated vitn prtjdicates: 

(PR- <predl> <orerin>3 

To Increase space oy <n> ,«-ordSf issu.e tne following command! 
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A eariOf,rju I „• ntrrDt''' 

tOf t''te st'.jrsTi'* atorr-ii carv bs iricrsase'^ 

si'i.ilciriv; 

( /' s ' ’ f S < n > j 

4 rue’sOuAb I" nfi't!r.> 3 r iit . 

■|’o trie ti'efUc-.if' e'? rnr assj-rilcnt fsaye been 

i^Uned, t-ut aaye not bgea saved in a file: 

To save a s-i:SsIon I. .1 a file io tne tollowiny : 

U'.r.CDPL'PibH: <filenant>.) 

, , , ses&i on . , . 

To ulsrudy a tile or, thf letrjnal: 

(TV <f ilenamc!>) 


li. Glossary of Bnllf’ifi r'redi -ates ■.inr fnoctians 


ta.l BUiltln preriicates 

ASk-USEP “ For Issjin'i ouestlofis to the user, . 

r>ae Tutorial. 

C= <t5> * E:,Uril.ity oredlrate is true 

l£ tbe term’s <t.j.> artri <t?> are enual. 
<»>,<=,>= “ Relational predicates witn tneJr 

nsuel. nearilnq's, 

lAijl'd tA <1 or ’"'ul ',> } Asserts a fact <for‘T.uia> at tne 

bsuintsfrifi 01 tbe aatauase. 

(Ayr!'.'.':.'!’'/. <iori/ula>) ”■ Assarts a fact <forn)Uia> at toe 

end. 

(PtTr.AcTft <r or •((Uia>) - RetioVer a fart <for!niua>- tjy 

searchinc! for It tror*' t.,ie 

tPKTi’AC'' 7 , <fjr'„u!H>) - I’stoves a ^act <forii!ma> from 

t n.e end, : 




APPENDIX B 


DATA TABLES 


Some of 

the data 

tables that 

are used in making the 


fact database 

are given 

here. 




Table H 

Recommended Cutting 
Operations. 

Speed for 

Turning 




Cutting Speed 

m/min . 




Depth of cut. 

nmi 




0.1-0. 4 

0 • ^ m D 


4.5-10 



Feed mm/ rev 

• 


Work Material 

Tool 

Material 

0.05-0.125 ' 

0.125-0.375 

0.575-0.75 

0.75-1.25 

Plain Carbon 
and Low Alloy 

HSS 

- 

65-90 

430-60 

20-35 

Steels 

CAP3IDE 

210-360 

165-210 

120-165 

60-120 

Free Cutting 

HSS 

A- 

75-105 

50-75 

25-45 

Steels 

Carbide 

225-450 

ISC- 2 25 

135-180 

'105-135 

High Alloy 

HSS 

- 

50-75 

35-50 

20-30 

Steel 

CARBIDE 

150-225 

120-150 

105-135 

60-90 

Stainless 

HSS 

- 

30-45 

25-30 

15-20 

Steels 

Carbide 

1 10-150 

90-110 

- 75-90 

50-75 


KSS 


25-45 

18-30 

12-27 , 

Cast Iron 

CARBIDE 

90-lSO 

45-135 

30-105 

22-75 

A1 umi nium and 

HSS . 

105-150 

65-105 

45-65 

30 — 4p 

Alloys 

CAP3IDE 

21C*-30G 

135-210 

90-135 

60-90 

Copper and 

HSS / 


80-105 

65-SO 

45-65 

Alloys 

CARBIDE 

210-240 

180-210 

150-180 

120-150 


(Soirrce: Kl-IT, Production Technology Ref. 9). 







Table 2* Recommended Speed and Peed for Drilling Operations. 




Cutting 


Feed mm/rev. 




Work 

Material 

Hardness 

Range 

Speed 
(m/min. ) 

1 1/8 1/4 

1/2 

3/4 

1 

4 

2 


75-125 

22.90 

o.os 

0.13 

0.25 

0.36 

0.46 

C.51 

0. 64 


125-175 

20.30 

0.06 

0.15 

0.25 

0.30 

0.36 

0.46 

0.53 

Plain Carbon 

175-225 

17.80 

0.05 

0.10 

0.16 

0.25 

0.30 

0.35 

0^. 46 

and low 

225-275 

14.00 

0.05 

0.10 

0.16 

0. 2:? 

0.25 

0.33 

C.41 

Alloy Steels 

275-325 

11.40 

0.05 

0.06 

0.13 

0.20 

0.23 

0.25 

0.33 


325-370 

8.90 

0.05 

0.08 

C.13 

0.20 

0.23 

0 . 2z> 



375-425 

6.35 

0.C5 

0.06 

0.13 

O.IS 

0.23 

0.25 

0 . 25 


175-225 

22.85 

0.06 

0.13 

0.25 

0.38 

0.46 

0.51' 

0.64 

Free Cutting 
Steels 

225-275 

22.85 

O.OS 

0.13 

0.25 

0.3S 

0.46 

0.51 

0.58 

275-325 

16.50 

0.05 

0.10 

0.16 

0.25 

0.30 

0.35 

0.45 

325-375 

10.15 

C.05 

0.08 

0.16 

0.20 

0.23 

0.25 

0.25 


375-425 

7.60 

0.05 

0.8 

0.13 

0.15 

0.23 

0.25 

0.25 

High Alloy 

175-225 

10.15 

0.05 

0.08 

0.13 

0 , 2u 

0.23 

0.25 

0.33 

Steels 

225-275 

7.60 

0.05 

O.OS 

0.13 

0.20 

0.23 

0.2c 

0.33 


125-175 

17.80 

O.OS 

0.10 

0.16 

0 . 20 

0.25 

0.36 

0.46 

^Stainless 

Steei^-^ 

175-225 

15.25 

0.05 

O.OS 

0.16 

0.20 

0.25 

0,36 

0 . 46 

225-275 

10.15 

0.05 

O.OS 

0.13 

0.23 

0.25 

- 2 - 

0.33 

-2J5-325 

8.90 . 

0.C2 

0.05 

0 . 08 

C.l3 

0.16 

0 , 2^'U 

0.23 


3^r5-42^ 

. 6.35 

0.02 

0.C5 

O.OS 

C ,10 

0.13 

C.16 

0.15: 

Aluminium 
and Alloys 

- 

1^2740-- 

-0-._2p_ 


0.43 

C.43 

- ’ 

- 

— 

Copper 
and Alloys 

- 

44.45 

O.OS 

0.16 

C . 25 

0.25 

0.38 

p. ' 

0.51 

(Source; 

Metals 

Handbook, 

Vol. 

3, Ref. ^ 

9). 





(Note; Similar data table is available for reaaing operations alsz , 





Table 3* Recommended Cutting Speed for Tapping. 


Material 

Hardness Range 

Cutting Sneed 
(m/min.O 


125-175 

11.40 


175-225 

10.20 

Plain Carbon and 

225-275 

£.90 

Low Alloy Steels 

275-325 

6.55 


325-375 

5.10 


375-425 

2.55 


175-225 

12.70 

Free Gutting 

275-325 

8.90 

Steels 

325-375 

5.10 


375-425 

2.55 

High Alloy 

175-225 

5.10 

Steels 

225-275 

3. SO 


125-175 

^ on 


175-225 

7.60 

Stainless Steels 

225-275 

5. 10 


275-325 

5. SC 


375-425 

2.55 

Al'uminium and 
Alloys 

— 

25.40 

Copper and 

Alloys 

- 

15.25 


(Source: Metals Handbook, Vol. 3, Ref. 9). 







Table 4: Recommended Spindle Speeds and Kiomber of 
Cuts for Threading Operations. 


Diameter 

Pitch 

So indie 

Number 

of Cuts 

OpOGU. 


(mm) 

(mm) 

(rpm) 

External 

Internal 



Threads 

Threads 


4 


11 

15 

50 

2 

450 

S 

13 


1 


6 

9 


5 


12 

17 

42 

3 

400 

10 

15 


2 


8 

15 


6 


17 

21 

72 

4 

3 

220 

12 

10 

15 

13 


2 


8 

11 


6 


17 

21 

100 

4 

3 

160 

12 

10 

15 

13 


2 


8 

11 


6 


17 

21 

140 

4 

3 

125 

12 

10 

15 

13 


2 


s 

11 


6 


17 

21 

200 

4 

lie 

12 

15 


3 


10 

13 


6 


17 

PI 

250 

4 

SO 

12 

15 


3 


10 

13 


6 


17 

21 

250 

4 

80 

12 

15 . 


3 


10 

■ 13 : 


(Source; KT-IT, Production Technology , Ref, 11). 


(Kote; Data is also available for various diameters 
other than those mentioned above). 




Table 5; Recommended Cutting Fluids for Various Operations. . 


Machining Plain carbon Stainless High Alloy Aluminium Copper 

Process and low alloy Steels Steels iCLloys Alloys 

steels and free 
cutting steels 


Tanning 

and 

Threading 

3 

4 

4 

1 

6,1 

Reaming 

3, A 

4 

4 

6 


Drilling , 

boring and 
turning 

7 

9,7 

9,7 

7 

e ^ 


Code Ko. 

Fluid Name 

1 

Mild sulphurized fatty oil 


Mild sulpho-chorinated oil 

3 

Medium sulphurized fatty oil 

4 

High sulphur fatty chlorinated oil 

5 

High chlorinated mild sulphuo'ized oil 

6 

Fatty mineral oil 

7 

Soluble oil 

e 

Translucent soluble oil 

o 

■ 

Heavy duty soluble oil 


(Source; KI'IT, Production Technology, Ref. ll). 
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( Source t HMT , Production Technology , Kef . 11 ) . 



